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We revisit the signatures from collisions of cosmic-rays on sub-GeV dark matter (DM) in the Milky
Way. In addition to the upscattered DM component that can be probed by existing DM and neutrino
experiments widely discussed, we for the first time examine the associated signals in γ-rays and
neutrinos that span a wide energy range due to the inelastic scatterings. Assuming a simple vector
portal DM model for illustration, we compute both the upscattered DM flux by cosmic-ray protons,
and the resulting emission of secondary γ-rays and high-energy neutrinos from proton excitation,
hadronization, and the subsequent meson decay. We derive limits on coupling constants in the
vector portal model using data from the γ-ray and high-energy neutrino telescopes including Fermi,
H.E.S.S and IceCube. These limits are compared to those obtained by considering the upscattered
DM signals at the low-energy DM/neutrino detectors XENON1T/MiniBooNE and the IceCube.
For this particular model, the limits are set predominantly by non-detection of the upscattered DM
events in XENON1T, for most of the DM mass range due to the large scattering cross section at low
energies. Nevertheless, our study demonstrates that the γ-ray and neutrino signals, traditionally
considered as indirect probes for DM annihilation and decay, can also be directly used to constrain
the DM–nucleon interaction in complementary to the direct search experiments.
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2I. INTRODUCTION
The extensive searches for the interaction between particle dark matter (DM) and the standard model (SM) sectors
are conventionally classified into three different categories: the direct detection via the scattering between the DM
and SM particles, the indirect search for signals from DM annihilation or decay, and the search of DM production
in colliders. Although they can in principle be used together to test a given model describing how DM interact with
the SM sectors, the involved physical processes in generating the signals are clearly distinct in different categories.
Despite great efforts to hunt for the DM in all these respects during the past few decades, null signal of DM has been
clearly confirmed to date. Usually, the search for DM in each category could be subject to different limitations. For
example, the indirect searches focusing on signals from DM annihilation or decay cannot be used to probe asymmetric
or stable DM. Moreover, the direct detection experiments lose sensitivity rapidly for sub-GeV DM with recoil energies
below the detection threshold.
For sub-GeV DM, the idea of detecting a subdominant fraction of DM particles that are unavoidably upscattered by
cosmic-rays (CRs) to high enough energies was recently proposed in Refs. [1, 2] and studied subsequently in Ref. [3].
Assuming an energy-independent cross section, the subsequent scattering of the accelerated DM inside low-energy DM
and neutrino detectors can be used to derive new constraints on DM-nucleon or DM-electron cross sections for light
DM. Ref. [4] considered the case that DM can be upscattered to high-energies of above ∼PeV that can be detected
by IceCube, providing a probe of DM-nucleon cross section at such high-energy (HE) scales. Relevant studies also
investigated the diurnal effect of the boosted DM signals [5] and those at Germanium detectors [6]. In addition to all
these model-independent studies above, Refs. [7–10] explored the CR-boosted DM signals based on simple microscopic
DM models and placed limits on the coupling constants and masses related to the dark sectors. Very recently, an
excess of O(keV) electronic recoil events has been observed in XENON1T [11]. The scenarios of CR-boosted DM have
also been employed to explain such an anomaly [12–14]. In relevance to the role of CRs, similar constraints based
on the distortion of the CR spectrum at ∼TeV due to scattering with DM [15] or the DM signals produced from the
collision of CRs with the atmosphere [16–18] were also discussed.
We note that all the studies on CR-boosted DM signals in the existing literature are only limited to elastic χ–p
scattering. However, for CRs colliding with DM with a center-of-mass energy >∼ GeV, the nucleons can be excited and
consequently produce secondary HE γ-rays and neutrinos in the decay sequence. Moreover, at higher energy scales,
DM can scatter off individual quarks inside nucleons and lead to deep inelastic scatterings (DIS) that will also generate
secondary neutrinos and γ-rays from the hadronization and the subsequent meson decay. These inelastic scatterings
are just like the pp, pγ, or pν collisions in the SM and are bound to occur regardless of the particle nature of DM.
Consequently, the co-produced “indirect” signals testable by HE γ-ray and neutrino telescopes can simultaneously
probe the DM–nucleon interaction together with the direct detection of the upscattered DM by CRs without invoking
any other assumptions.
In this work, we study consistently upscattered DM by CRs, together with the co-produced secondary HE γ-rays
ad neutrino emissions for the first time. For the purpose of including the inelastic scatterings, it is necessary to adopt
a specific model describing the interaction between the DM and SM particles. Especially, the excitation of nucleons
to resonances with different spins or isospins depends explicitly on the interaction type. Besides, as we aim to cover
a wide energy scales over several orders of magnitudes in this study, a consistent treatment based on a specific model
taking fully into account the energy dependence as done in Ref. [7–10] is required. For illustration, we simply consider
a fermionic DM which couples to baryons via a new dark vector boson. The corresponding Lagrangian is
L ⊃ χ(i∂µγ
µ −mχ)χ+ gχχγ
µχVµ +
∑
f=u,d,s,...
gqf qfγ
µqfVµ +
1
2
m2V VµV
µ , (1)
where χ, Vµ, and qf refer to the DM, the vector mediator, and quarks, respectively. For simplicity, we only consider
that the vector mediator couples to quarks, as only scatterings between DM and baryons are relevant for our study.
Furthermore, we consider a universal coupling constant between the vector mediator and quarks of different flavors,
i.e., gqf = gq = gB/3. This can be realized when the vector boson is a U(1)B gauge boson with B the baryon number.
We derive exclusion limits on the couplings for sub-GeV DM by considering the upscattered DM component with
XENON1T [19, 20], MiniBooNE [21], IceCube [22], the secondary γ-rays with data from Fermi [23] and H.E.S.S. [24],
as well as the secondary neutrinos with IceCube. Although we reply on this specific model to explore the inelastic
effects, the same method described in this work can also be applied to other DM models.
This paper is organized as follows. In Sec. II, we explicitly compute the cross sections of elastic and inelastic
scatterings between χ and p based on the Lagrangian given in Eq. (1). The upscattered DM flux by CRs in the Milky
Way (MW), as well as the fluxes of the secondary HE γ-rays and neutrinos are derived. For demonstration, we show
our results based on two particular choices of vector boson mass, massless V and mV = 3mχ. In Sec. III, we evaluate
the constraints from terrestrial detectors and telescopes mentioned above. We finally conclude in Sec. IV.
3II. ELASTIC AND INELASTIC SCATTERINGS BETWEEN DM AND PROTON
In this section we study the signatures of collisions between HE CRs and DM inside our galaxy. Specifically, we
consider the elastic scattering that has been commonly studied in previous literature
χ+ p→ χ+ p, (2)
and, more importantly, the inelastic scattering
χ+ p→ χ+X → χ+ hadronic showers + γ-rays + neutrinos. (3)
Since CRs span a very wide range in energy, the energies of the resulting DM as well as the secondary γ-rays
and neutrinos can be very high. Therefore, we expect that terrestrial neutrino/DM experiments or γ-ray telescopes
sensitive to different energy regions can all be used to probe/constrain the DM model.
A. Basic formalisms for DM–proton scatterings
For convenience, we choose to describe DM–proton scattering in the rest frame of the initial proton. We introduce
the four-momenta, pχ = (E˜χ, p˜χ), p
′
χ = (E˜
′
χ, p˜
′
χ), q = pχ − p
′
χ, pp = (mN , 0), and pX as the incoming momentum of
DM, the outgoing momentum of DM, the momentum transfer, the initial momenta of proton, and the momentum of
the outgoing hadronic final state X, respectively. For the case of elastic scattering, pX is simply the momentum of
the outgoing proton. Note that quantities such as energies and three-momenta with a tilde always refer to the rest
frame of the initial proton.
The differential cross section for elastic scattering is given by
dσel
dQ2
=
g2Bg
2
χ
4πβ˜2
1
(Q2 +m2V )
2
[
1− β˜2
Q2
Q2max
+
Q4
8m2N E˜
2
χ
]
G2p(Q
2) , (4)
where Q2 ≡ −q2 is the positive four-momentum transfer squared, β˜ = |p˜χ|/E˜χ is the incoming velocity of DM, and
Gp is the form factor of proton. The maximal momentum transfer squared, Q
2
max, is
Q2max =
4(Γ˜2 − 1)m2χm
2
N
m2χ +m
2
N + 2mN E˜χ
, (5)
with Γ˜ = E˜χ/mχ = (1 − β˜
2)−1/2. As in Refs. [1, 3], we assume that Gp takes a dipole form,
Gp(Q
2) =
1(
1 +Q2/Λ2p
)2 , (6)
with Λp ≈ 770 MeV [25].
Similarly to neutrino–nucleon scattering [26], DM–proton inelastic scatterings can be divided into two main cate-
gories, resonance excitation of nucleon (RES) and deep inelastic scattering off the individual quark constituents of the
nucleon (DIS). With a lower threshold, resonance production contributes more significantly at E˜χ <∼ a few GeV, and
then DIS starts to dominate at higher energies. To describe the inelastic scattering, one can introduce the following
quantities (see, e.g., [27])
ν =
q · pp
mN
= E˜χ − E˜
′
χ , (7a)
W 2 = p2X = (pχ + pp − p
′
χ)
2 = m2N + 2mNν −Q
2 , (7b)
x =
Q2
2q · pp
=
Q2
2mNν
, (7c)
y =
q · pp
pχ · pp
=
ν
E˜χ
= 1−
E˜′χ
E˜χ
=
Q2
2mN E˜χx
, (7d)
4where ν is the energy transfer of DM in the proton rest frame, W is the invariant mass of the hadronic final state X ,
and x and y are the Bjorken variables introduced for DIS. All these four variables are Lorentz invariant quantities.
For the excitation of a spin 1/2 resonance state, the hadronic vector current is given by [28]
HµR,1/2 =
〈
R(pX)
∣∣∣JµR,1/2(Q2)∣∣∣p(pp)〉 = u¯R(pX)ΓµR,1/2(Q2)up(pp) , (8)
where up and uR are the Dirac spinors for the proton and the resonance stateR, and the vertex function Γ
µ
R,1/2 = V
µ
R,1/2
and V µR,1/2γ
5 for resonance states with positive and negative parities, respectively. The vector part V µR,1/2 can be
further parametrized in terms of transition form factors as
V µR,1/2(Q
2) =
FR1 (Q
2)
4m2N
(
Q2γµ + /qq
µ
)
+
FR2 (Q
2)
2mN
iσµνqν . (9)
The formalism for the excitation of a spin 3/2 resonance state (dominated by the ∆-resonance) is more involved.
The hadronic current is [28]
HµR,3/2 =
〈
R(pX)
∣∣∣JµR,3/2(Q2)∣∣∣p(pp)〉 = ψ¯R,α(pX)ΓαµR,3/2(Q2)u(pp) , (10)
with ψR,α the Rarita-Schwinger spinor for a spin 3/2 state. Introducing Γ
αµ
R,3/2 = V
αµ
R,3/2γ
5 and V αµR,3/2 for positive
and negative parities, we have
V αµR,3/2 =
CR3 (Q
2)
mN
(
gαµ/q − q
αγµ
)
+
CR4 (Q
2)
m2N
(
gαµq · pX − q
αpµX
)
+
CR5 (Q
2)
m2N
(
gαµq · pp − q
αpµp
)
+ gαµCR6 (Q
2) , (11)
with CR3,4,5 the transition form factors from the proton to the spin 3/2 states.
Once the transition form factors to all relevant resonance states are known, the transition matrix elements and
the cross sections for resonance productions can be obtained. Taking into account the propagator of the new vector
mediator, the differential cross section can be expressed as
d2σRES
dνdQ2
=
9g2χg
2
q
(Q2 +m2V )
2
∑
R |TR|
2AR
32πmN |p˜χ|2
, (12)
where |TR|2 is obtained by contracting the hadronic tensor with that associated with DM, and AR is the spectral
function incorporating the widths of the resonance state R (see more details in Ref. [28]). In this work, we simply
use the neutrino generator encoded in GiBUU [29] to calculate the differential cross section d2σRES/dνdQ
2 given in
Eq. (12). Specifically, we consider 30 resonance states with masses between 1 and 2 GeV in GiBUU and use the
electromagnetic (EM) form factors taken from the MAID analysis [30, 31]. Note that here we have assumed that the
vector form factors related to the new vector mediator are well approximated by the EM form factors.
For DIS, the differential cross section is given by
d2σDIS
dνdQ2
=
1
2mN E˜2χy
d2σDIS
dxdy
, (13)
where
d2σDIS
dxdy
=
g2χg
2
q
4π(Q2 +m2V )
2
(
1− y +
y2
2
−
xymN
2E˜χ
)
F2(x,Q
2) , (14)
and the corresponding structure function is
F2(x,Q
2) = x
∑
f=u,d,c,s,b
[
f(x,Q2) + f¯(x,Q2)
]
. (15)
with f (f¯) the parton distribution functions (PDFs) of quarks (anti-quarks). In our study we use the MSTW 2008
NNLO PDFs from [32, 33].
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FIG. 1. The differential cross sections
dσ
dQ2
of elastic scattering, resonance excitation, and DIS as functions of Q2 for
E˜χ = 1GeV [panel (a)] and E˜χ = 10
8 GeV [panel (b)] with E˜χ the DM energy in the proton rest frame.
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FIG. 2. The total cross sections of inelastic scattering as functions of E˜χ for the scenarios massless V [panel (a)] and mV = 3mχ
[panel (b)].
6To compare the differential cross sections of the elastic and inelastic scatterings, one can further integrate out the
energy transfer ν in the double differential cross sections [see Eq. (13)] and obtain
dσRES,DIS
dQ2
=
∫
dσRES,DIS
dνdQ2
dν . (16)
Fig. 1 shows the differential cross sections dσ/dQ2 of elastic scattering, resonance excitation, and DIS, respectively
for cases with mχ = 10
−3 GeV, gχgq = 0.03, and a massless vector mediator V . The differential cross sections for the
case with mV = 3mχ are very close to the massless case as Q
2 explored here is much larger than m2χ. For illustration,
we have used E˜χ = 1 GeV and 10
8 GeV as representative low and high energies. As shown in the figures, all the
differential cross sections drop with increasing Q2 at large Q2 mainly due to the factor Q−4 from the propagator of
the mediator. Besides that, elastic scattering and resonance excitations are further suppressed by a factor of ∼Q−8
from the hadronic form factors at Q2 >∼ 1GeV
2 [see Eq. (6)], making DIS more important at higher Q2. Related to
the values of Q2 probed at different E˜χ, dσDIS/dQ
2 decreases as ∼Q−2 at Q2 <∼ 1 GeV
2 and as ∼Q−4 at higher Q2.
As the typical values of Q2 increase with E˜χ, DIS gives a dominant contribution at high Eχ. This can also be clearly
seen in the total cross sections shown in Fig. 2, with σRES,DIS =
∫
dQ2dσRES,DIS/dQ
2. With a finite mediator mass
mV = 3mχ [see Fig. 2(b)], the total cross section is reduced when compared to that with a massless mediator [see
Fig. 2(a)]. The reductions of the total cross sections of both resonance excitations and DIS are mainly due to the
suppressed contributions of dσRES,DIS/dQ
2 at Q2 <∼ m
2
V , with Q
2
min of order m
2
χ. We do not show the total cross
section for elastic scatterings as it requires a low-Q2 cutoff to avoid the divergence in the case of mV = 0, and is
irrelevant to our studies below.
B. DM accelerated by cosmic-rays
DM can be accelerated to high velocities/energies through collisions with HE CRs. In principle, both elastic
scatterings and inelastic scatterings contribute to the accelerated DM flux. The scenario involving only the elastic
scattering has been well studied in previous literature [1–10, 12–14]. In this subsection we for the first time include
the contributions from the inelastic channels and discuss their possible implications.
The differential DM flux per solid angle Ω (in unit of GeV−1 cm−2 s−1 sr−1) upscattered by CRs inside the Milky
Way and arriving at Earth is given by a line-of-sight (l.o.s.) integral [1, 2]
φMWχ (Tχ,Ω) ≡
d2Nχ
dTχdΩ
(Tχ,Ω) =
∫
l.o.s.
dℓ
∫
dEp
ρχ(r)
mχ
φp(Ep)
[
dσel
dTχ
+
dσinel
dTχ
]
, (17)
where Tχ is the kinetic energy of the accelerated DM, φp ≡ d2Np/(dEpdΩ) is the differential flux of CR protons (in unit
of GeV−1 cm−2 s−1 sr−1), and ρχ is the mass density of the DM halo. Following Refs. [2–4], we have assumed that
the galactic HECRs are uniformly and isotropically distributed in a cylinder with radius R = 10 kpc and half-height
h = 1 kpc. This is a relatively good approximation when compared to the CR distribution simulated by GALPROP [34]
and only results in small differences for the accelerated DM flux (see later discussion and Fig. 4). To cover a wide
energy range of CRs, we adopt the same flux for CR proton as in Ref. [4]. As we aim to explore the inelastic effects, we
neglect the contributions from helium and other heavy isotopes in the CRs. For ρχ, we take the Navarro-Frenk-White
(NFW) profile [35, 36] with a scale radius rs = 20 kpc, normalized to the local DM density ρ0 = 0.3GeV cm
−3 where
the Sun is located at r = 8.2 kpc from the galactic center (GC). We assume a single-component DM scenario in this
work so that the DM local density is entirely made of χ. With DM initially at rest and thus Tχ = Q
2/(2mχ) in the
laboratory frame, the differential cross sections in Eq. (17) are given by
dσel
dTχ
= 2mχ
dσel
dQ2
, (18)
dσinel
dTχ
= 2mχ
dσinel
dQ2
= 2mχ
(
dσRES
dQ2
+
dσDIS
dQ2
)
, (19)
where dσeldQ2 and
dσRES,DIS
dQ2 are given in Eqs. (4) and (16).
Fig. 3 shows the boosted DM fluxes from elastic and inelastic scatterings between CRs and DM inside our galaxy,
where we have introduced the solid-angle integrated flux ΦMWχ (in units of GeV
−1 cm−2 s−1) as
ΦMWχ (Tχ) =
∫
dΩ φMWχ (Tχ,Ω) . (20)
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FIG. 3. The DM fluxes from elastic scattering, resonance productions, and DIS as functions of Tχ for mχ = 10
−6 GeV [panel
(a)] and mχ = 10
−3 GeV [panel (b)]. We take the massless scenario as a representative example. The scenario mV = 3mχ has
a similar distribution.
Note that to better present the fluxes, we choose to show T 3χΦ
MW
χ instead of Φ
MW
χ . We find that at Tχ
<
∼
0.1 GeV(mχ/GeV)
−1, the fluxes are dominated by elastic scattering. For elastic scattering, dσel/dTχ ∝ mχdσel/dQ2 ∝
mχQ
−4 ∝ m−1χ T
−2
χ at low Q
2. The minimal value of Ep contributing to the flux at Tχ for mχ < m
2
N/Ep is
Ep,min ∝ (Tχ/mχ)1/2 [see Eq. (5)]. Combining these with a CR proton spectrum of E−2.7p , Eq. (17) gives rise
to a DM flux at low Tχ being proportional to m
−1
χ (Ep,min)
−1.7dσel/dTχ ∝ m−1.15χ T
−2.85
χ . At higher Tχ or Q
2,
dσel/dQ
2 ∝ Q−12 ∝ T−6χ . The corresponding DM fluxes from elastic scattering decrease as ∼T
−6.85
χ as shown in
Fig. 3. At Tχ >∼ 0.1 GeV (mχ/GeV)
−1, resonance excitations and DIS start to contribute dominantly. Based on
similar arguments, the fluxes above ∼1 GeV (mχ/GeV)−1 vary as m−5.15χ T
−6.85
χ from resonance excitations similar
to that from elastic scattering, and as m−2χ T
−3.7
χ from DIS considering that Ep,min roughly scales as Tχ.
The upscattered DM flux exhibits a strong angular dependence on both the right ascension (RA) and the declination
(DE) in the equatorial coordinate system [4, 5]. For detectors not located at the north or south poles, this can
lead to daily modulations due to its dependence on RA [5]. However, when considering a long exposure time, one
can integrate over the RA-dependence as done in Ref. [4]. Fig. 4 shows the relative DM flux integrated over RA,
φMWχ,DE =
∫ 2pi
0
dRA φMWχ (Tχ,Ω), as a function of sin(DE) for our fiducial scenario adopting uniformly distributed CRs
and the NFW halo profile. Note that for this case, we have normalized φMWχ,DE(Tχ, DE) to unity at sin(DE) = 0. Since
the angular dependence is determined by the spatial distribution of the DM halo and the location of the Earth, the
relative angular distribution is independent of Tχ. Also shown in Fig. 4 is the relative flux using the Burkert halo
profile [37] with the uniform CR flux. Note that we take the same normalization factor as for the fiducial case. For
the Burkert profile, we use a scale radius of 9 kpc and the same local density as the NFW profile. In reality, the CR
flux varies at different positions inside the Milky Way. To estimate the associated effects, we assume that the spatial
distribution of the CR proton flux is independent of the CR energy. We then use the distribution at Ep = 1 TeV
obtained from GALPROP (see Ref. [5]) for all values of Ep, and calculate the relative DM flux with the spatial-dependent
CR flux and the NFW profile (see the blue dashed line). Obviously, the resulting angular distribution of the DM flux
is also independent of Tχ as for the case with a constant CR flux. A comparison of these curves in Fig. 4 shows that
the uncertainty due to the chosen CR model and/or the halo profile is within a factor of ∼2. Hereafter, we stick to
the fiducial case, i.e, assuming a constant CR flux and the NFW halo profile.
The same angular distribution shown in Fig. 4 also applies to the secondary γ-rays and neutrinos from the inelastic
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FIG. 4. Relative angular distribution of DM flux as a function of sin(DE). The flux for the case “NFW+constant CR flux” is
normalized to 1 at sin(DE) = 0. For comparison, the same scaling or normalization factor is taken for the other two cases.
scatterings. Although the flux peaks at the direction of the GC for cases with the NFW profile and at the direction
of sinDE ≃ −0.84 with the Burkert profile, the relative differences at different sin(DE) are within a factor of ∼3.
Hereafter, we approximate the flux of the upscattered DM and those of the secondary neutrinos as isotropic for the
sake of simplicity. With this approximation, we assume that the total flux ΦMWχ in Eq. (20) is uniformly distributed
in all directions [1, 2]. This, on the one hand, simplifies the derivation of constraints from the DM flux. On the other
hand, it allows us to directly use the existing upper limits on astrophysical or cosmogenic HE neutrinos, which are
always assumed to be isotropic. Considering the full angular dependence could in principle enhance the sensitivity of
our study.
C. Secondary γ-rays and neutrinos
The fluxes of the secondary γ-rays and neutrinos summing over all flavors in units of GeV−1 cm−2 s−1 sr−1 can be
expressed as
φγ,ν(Eγ,ν ,Ω) =
∫
l.o.s.
dℓ
∫
dEp
ρχ(r)
mχ
φp(Ep)
∫
dνdQ2 ×
d2σinel
dνdQ2
×
dNγ,ν(Ep, Eγ,ν , ν, Q2)
dEγ,ν
, (21)
where dNγ,ν/dEγ,ν is the spectrum of produced γ-rays or neutrinos per pχ collision for given values of Ep, ν, and
Q2. We first use GIBUU [29] and SOPHIA [38] to generate the γ-ray or neutrino yields in the rest frame of the hadronic
final state X , which only depend on the invariant mass W [see Eq. (7b)] and are isotropically distributed in three-
momentum. We then boost the yields from the rest frame of X to the laboratory frame to obtain dNγ,ν/dEγ,ν. The
corresponding boost factor is simply Γboost = EX/W with EX = Ep − Tχ = Ep −Q2/(2mχ) the energy of X in the
laboratory frame.
To constrain the DM model using the secondary γ-rays, we consider the observed data from Fermi [23] and H.E.S.S
[24] with Eγ ranging from ∼GeV to ∼100 TeV. Both the RES and DIS contribute in this energy range. We first rely
on GIBUU to generate the π0 yields from resonance excitations and then calculate the γ-ray yields from π0 decays by
ourselves. For HE γ-ray production in the DIS region that may go beyond the scope of GIBUU, we use the SOPHIA code
to obtain the γ-ray yields directly. On the other hand, we consider HE neutrinos above ∼PeV that can be probed by
IceCube. Since neutrino production involves three-body decays or decay sequences, we directly use the SOPHIA code
to calculate the total neutrino yields of all flavors from both resonance production and DIS. We further assume that
neutrino fluxes are equally distributed in all flavors after oscillation.
The γ-ray fluxes in Eq. (21) are further integrated over certain solid angles around the GC to be compared with
the observed data at Fermi and H.E.S.S (see Fig. 5). For the secondary neutrinos, we take the isotopic approximation
as mentioned in Sec. II B and use the averaged neutrino flux per solid angle to derive the bounds (see Fig. 6).
9III. CONSTRAINTS FROM TERRESTRIAL EXPERIMENTS AND TELESCOPE
In this section, we derive constraints on the coupling constants of the vector portal model for sub-GeV DM based
on the HE γ-ray observation (Sec. III A), the HE neutrino detection (Sec. III B), and the expected DM signals at the
low-energy DM/neutrino experiments (Sec. III C).
A. Constraints from Fermi and H.E.S.S.
To constrain the coupling constants of the vector portal model with the secondary γ-ray emission, we consider
two data sets from Fermi and H.E.S.S. For the Fermi data, we consider the Fermi GC excess at 0.5GeV < Eγ <
500GeV [23] extracted from a circular region within 10◦ from the GC excluding the inner region of radius 2◦ [23].
For the HE H.E.S.S data, we take those with 0.2TeV < Eγ < 60TeV, integrated over an annulus centered at Sgr A
∗
with inner and outer radii of 0.15◦ and 0.45◦, respectively, and a section of 66◦ excluded [24].
In order to compare the produced secondary γ-ray fluxes from the inelastic collisions between the CRs and DM, we
introduce the J-factors for Fermi and H.E.S.S as
JFermi, H.E.S.S. =
∫
∆ΩFermi, H.E.S.S.
dΩ
∫
l.o.s.
dℓ
ρχ(r)
mχ
, (22)
to account for different sky coverages in the two data sets mentioned above. The corresponding J-factors for Fermi
and H.E.S.S are JFermi ≈ 2.16 kpc cm−3 and JH.E.S.S. ≈ 7.47× 10−3 kpc cm−3, respectively. Using these J-factors,
the expected secondary γ-ray fluxes in units GeV−1 cm−2 s−1 are
ΦFermi, H.E.S.S.(Eγ) =
∫
∆ΩFermi, H.E.S.S.
dΩ φγ(Eγ ,Ω)
= JFermi, H.E.S.S. ×
∫
dEpφp(Ep)
∫
dνdQ2 ×
d2σinel
dνdQ2
×
dNγ(Ep, Eγ , ν, Q2)
dEγ
. (23)
We point out that these J-factors can be taken out because we assume that the CR proton flux is uniformly distributed
in the Galaxy. In reality, the CR flux near the GC could be a factor of a few higher than the local flux, leading to
J-factors larger than those based on a constant flux by a factor of <∼2 (see also Fig. 4). Therefore, the limits obtained
here with γ-rays can be considered as conservative ones.
We show the resulting γ-ray fluxes ΦFermi(Eγ) in Fig. 5 for different DM masses with mV = 0 [panel (a)] and
mV = 3mχ [panel (b)]. For comparison, the allowed band of the Fermi GC excess taking into account all possible
systematic uncertainties is shown in Fig. 5 (see Fig. 15 of [23]). The flux ΦH.E.S.S(Eγ) to be confronted with the
H.E.S.S data can be obtained from ΦFermi(Eγ) by simply multiplying a scaling factor JH.E.S.S/JFermi ≈ 3.4 × 10
−3.
Thus, we show instead the rescaled H.E.S.S data at 100 GeV <∼ Eγ
<
∼ 100 TeV (see Fig. 3 of [24]), multiplied by a
factor of JFermi/JH.E.S.S. ≈ 290 so that they can be directly compared with the calculated ΦFermi.
For the range of Eγ considered, resonance productions contribute more significantly than DIS. As the produced
γ-ray typically carries a certain fraction of the energy of the primary CR proton, the flux given in Eq. (21) roughly
scales as φ(Eγ) ∝ φp(Ep)σRES(E˜χ) with E˜χ = Epmχ/mN . Considering the behavior of σRES shown in Fig. 2, the
γ-ray spectra can be understood quantitatively. The flux φγ(Eγ) or ΦFermi(Eγ) firstly increases rapidly above the
threshold, and then decreases as E−2.7γ above Eγ ≃ 0.1 GeV(mχ/GeV)
−1. As mχ increases, the peak of E
2
γΦFermi,
Epeakγ , shifts to low values of Eγ as E
peak
γ ∝ m
−1
χ . Correspondingly, the peak magnitude scales approximately as
m−0.7χ . To derive the upper limits at the 90% confidence level (CL) from the Fermi data, we require that at any given
energy, ΦFermi is smaller than the upper edge of the GC excess band multiplied by a factor of 1.28.
1 Similarly, for
the H.E.S.S data, we exclude the regions of large coupling constants if the predicted flux, ΦH.E.S.S., exceeds the mean
values of the measured diffuse flux plus 1.28 times the deviations at any energy. The resulting 90% CL upper limits
on gχgq from the Fermi and the H.E.S.S data as functions of DM mass are presented in Fig. 7. As mχ increases,
the peak of E2γΦFermi moves closer to the energies probed by the γ-ray telescopes, resulting in tighter bounds. For
mχ >∼ 2 × 10
−6 GeV and >∼ 2 × 10
−4 GeV, the derived limits using the Fermi and the H.E.S.S. data become weaker
with mχ, due to the suppressed γ-ray fluxes.
1 Note that to obtain the 90% CL upper limits, we have simply assumed that the Fermi excess data follow a Gaussian distribution with a
mean value of zero and a variance given by the upper edge of the band. For the H.E.S.S. data, we also assume a Gaussian distribution.
The upper limits derived in our work are insensitive to these assumptions.
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FIG. 5. The γ-ray fluxes resulting from χ–p inelastic scattering for massless V [panel (a)] and mV = 3mχ [panel (b)]. The total
inelastic fluxes are presented as solid lines, while the dashed and dash-dotted lines are contributions from resonance excitations
and DIS, respectively.
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FIG. 6. The neutrino fluxes summing over all flavors resulting from χ–p inelastic scattering for massless V [panel (a)] and
mV = 3mχ [panel (b)]. The existing upper limits from IceCube are also shown (blue curves).
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B. Constraints from IceCube
Both the accelerated DM and the secondary neutrinos can be detected by IceCube. As the DM signals are almost
indistinguishable from the neutral-current neutrino events [4], a combined analysis of these signals should in principle
be carried out. In this study, however, we choose to do separate analyses for HE DM and neutrino signals. As shown
below, the secondary neutrinos can set stronger limits than the DM signals for most of the DM masses considered.
We first consider the secondary neutrino signals. Fig. 6 shows the resulting neutrino fluxes summing over all
flavors from resonance excitations and DIS for mχ = 10
−6, 10−3, and 10−1 GeV, respectively. As discussed in
Sec. II C, we take the isotropic approximation and show in the figure the averaged flux per solid angle, Φν(Eν)/(4π) =
1/(4π) ×
∫
dΩφν(Eν ,Ω), with φν(Eν ,Ω) given in Eq. (21). For Eν >∼ PeV, the fluxes are mainly from DIS. With
Eν ∝ Ep, φp(Ep) ∝ E−γp , and σDIS ∝ E˜
1/3
χ , the neutrino spectra scale as φp(Ep)σDIS(E˜χ) ∝ E
−γ+1/3
ν . With
γ ≃ 3 and 3.3 below and above the ankle followed by a sharp drop of the CR flux at Ep >∼ 3 × 10
10 GeV due to
the GreisenZatsepinKuzmin (GZK) cutoff, the neutrino spectra can be quantitatively understood. Meanwhile, the
neutrino flux decreases as m−1χ . To constrain the DM model, the existing limits on the diffuse fluxes of HE neutrinos
from IceCube [39–41], Auger [42] as well as ANITA [43] can be directly used. In our study, we use the relevant limits
at the 90% CL from Ref. [40] for 5 × 106 <∼ Eν
<
∼ 3 × 10
7 GeV and Ref. [41] for 3 × 107 <∼ Eν
<
∼ 8 × 10
10 GeV as
shown in Fig. 6. Since E2νΦν decreases with Eν while the IceCube upper limit increases, the bounds on the couplings,
gχgq, are in fact determined by comparing the the secondary neutrino flux and the upper limit from the IceCube
publications at Eν = 5 PeV. Fig. 7 shows the exclusion limits for gχgq as functions of mχ. Since the flux decreases
with mχ approximately as m
−1
χ , the upper limit on gχgq increases as ∼m
1/2
χ . We notice that IceCube has accumulated
around one hundred events with deposited energies above ∼10 TeV, corresponding to an observed all-flavor flux of
E2νφob ≃ 2×10
−8 GeV cm−2 s−1 sr−1 for 0.3 <∼ Eν
<
∼ 3 PeV (see Fig. 2 of [40]). Taking into account the uncertainties
for the observed data, extending the energy window to Eν <∼ 1 PeV does not help to strengthen the bounds on the
coupling constants.
The situation for DM signals is more complicated since the related detector responses are not clear. Considering
that no event with deposited energy above 5 PeV has been observed, we simply require the expected number nχ
of DM-induced events at IceCube with deposited energies above 5 PeV to be smaller than 2.4, which leads to the
FeldmanCousins upper limit at the 90% CL for the case of negligible background [44]. Considering the potential
contributions from the cosmogenic HE neutrinos, the limit derived this way is a conservative one. The expected
number nχ can be estimated as
nχ ≈
∫
dΩ
∫
5 PeV
dν MTNATΦ
MW
χ, att(Tχ,Ω)
dσDIS
dν
, (24)
where MT ≈ 400 Mton is the IceCube effective mass at HE regions [45], NA is the Avogadro constant, T ≈ 3142.5
days is the exposure time taken from [41], ΦMWχ, att is the attenuated DM flux arriving at the detector located 1450
meters below the surface. For detecting the HE DM at IceCube, we only need to consider the scattering cross section
from DIS
dσDIS
dν
=
∫
dQ2
d2σDIS
dνdQ2
. (25)
To obtain ΦMWχ, att, we take into account the energy loss of HE DM when passing through the Earth/ice-shell from
different declinations and follow Ref. [1] to treat the attenuation effects. Again, DIS is the dominant channel to be
considered for the energy losses of HE DM. The energy loss rate per unit distance is given by
dTχ
dx
= −nN
∫
dσDIS
dν
νdν , (26)
where nN is the number density of nucleons. For DM arriving from different declinations, the lengths traversed by
DM inside the Earth are different. We use the Earth density profile from Ref. [46] for our study.
The excluded region on gχgq by considering the DM signals at IceCube has been shown in Fig. 7 (see the grey
region). Unlike the limits from the secondary γ-rays and neutrinos, the excluded region from DM signals has an
upper bound due to the Earth attenuation effects. For mχ >∼ 10
−7 GeV, the bounds from the upscattered DM are
weaker than those from the secondary neutrinos. The reason is that the DM flux decreases rapidly with Tχ and is
much smaller than that of the secondary neutrinos at high energies above ∼PeV. Without considering the attenuation
effects, the expected number of DM signals is proportional to ΦχσDIS ∝ m−2χ (gχgq)
4, which is different from the
secondary flux that scales as (gχgq)
2. Consequently, the lower limit of gχgq would grow as m
1/2
χ . However, this
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simple argument is no longer valid when the attenuation effect is taken into account. Relevant to the lower limits,
the expected number of DM events grows more slowly than (gχgq)
4. This finally results in a more rapid increase of
the lower bound of gχgq approximately as mχ and a limited exclusion region. As discussed above, due to a rapidly
decreasing differential cross section dσDIS/dQ
2, the upscattered DM fluxes at high energies are suppressed. Therefore,
compared to Ref. [4] which assumed a constant cross section and differential cross section, the exclusion region derived
in this work shrinks largely.
C. Constraints from low-energy neutrino and DM experiments
For the vector portal model considered in this work, the differential cross section of χ-p scattering at low Q2 is
dominated by the elastic channel and is orders of magnitudes higher than that at high Q2 (see Fig. 1). Therefore, as
shown in Fig. 3, we expect a much higher DM flux at lower energies that can be detected at low-energy neutrino or DM
detectors, resulting in a strong bound on the tested model. Using the subroutines implemented in DarkSUSY [47], we
show in Fig. 7 the constraints on gχqq from XENON1T (green regions) and MiniBooNE (pink regions), respectively.
Only the elastic scattering has been considered for calculating the boosted DM flux and for estimating the event rates
at detectors. Note that the energy loss rate of DM passing through the Earth, dEχ/dx ∝
∫ TmaxN
0
dTN dσel/dQ
2 with
Q2 = 2mNTN and TN the recoil energy of nucleon, is logarithmic divergent for a massless mediator. A low energy
cutoff TminN = 1 eV has been taken to avoid the divergence [47].
The searches for CR-boosted DM in XENON1T set the most stringent bounds for most of the DM mass range
explored in this work due to the significantly enhanced cross section and flux at low energies. With a shallow
location and thus a small Earth attenuation effect, the large couplings which cannot be probed by deep underground
experiments can be further excluded by the MiniBooNE data (see the pink regions). For the case of mV = 3mχ, the
limits on gχgq are quantitatively similar to those for the massless case at mχ <∼ 10
−2 GeV. However, as mχ increases,
m2V becomes comparable to the typical values of Q
2 encountered in upscattering the DM by CRs or detecting the
DM at detectors, leading to suppressed cross sections and enhanced upper and lower limits compared to the massless
case.
For the vector portal model considered, the bounds set by the secondary signals are typically weaker than those
from XENON1T. However, unlike the DM signals at terrestrial detectors, the secondary signals do not suffer from
the attenuation effect and can be used to exclude all the strong-coupling regions above the upper limits. Especially
for mχ >∼ 10
−2 GeV, the Fermi data exclude the regions of gχgq >∼ 0.1 for the case of a massless mediator which can
not be explored via the underground DM experiments.
IV. CONCLUSION AND PROSPECT
As an extension to previous studies, we have for the first time investigated the inelastic scattering of CRs on
sub-GeV light DM within the Milky Way. At energies high enough to excite the nucleonic resonance states (reso-
nance excitations) or to probe the quark constituent (DIS), the secondary γ-rays or neutrinos can be produced from
hadronization and the subsequent meson decay, and act as another indirect probe of DM. To demonstrate these
signatures, we consider a simple vector portal DM model in this work. We have calculated the expected fluxes of
these secondary signals, and used the γ-ray and neutrino telescopes such as Fermi, H.E.S.S., and IceCube to derive
limits for this specific model. On the other hand, the upscattered DM from both elastic and inelastic scatterings are
also consistently considered and can be directly detected at low- and high-energy detectors, which can also be used to
constrain the same DM model. Due to a much larger cross section of elastic scattering at low energies for this specific
model, the low-energy experiments such as XENON1T set stronger bounds than those obtained from the secondary
signals and the HE component of the accelerated DM.
The bounds derived are weakly depending on the spatial distribution of the CRs and the DM halo profiles (see
Fig. 4). We have only considered CR protons in our study and assumed that a fraction of 30% are protons in the
HE CRs above ∼PeV. We do not expect our results being affected too much by this assumption unless the proton
abundance in HE CRs is extremely small. To calculate the secondary neutrinos from DIS, we have relied on the
SOPHIA code using the Lund Monte Carlo generator JETSET to treat hadronization. Since all hadronization models
are relatively well constrained by data and can give rise to quantitatively similar yields even at very HE regions, the
associated uncertainties for the secondary HE neutrino fluxes should not largely affect our conclusion either.
Although considering the secondary signals does not improve the bounds for the vector portal model for mχ <∼
10−2 GeV, they could be interesting for other DM models with relatively suppressed/enhanced cross sections at
low/high energies. One possible scenario is that the DM candidate carries no charge but only couples to the vector
mediator via a dipole form, i.e., DM particles have dipole moments. Other possibilities include composite DM scenario
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FIG. 7. The summary of different constraints for massless V [panel (a)] and mV = 3mχ [panel (b)]. The shaded regions are
the exclusions by considering the DM signals at XENON1T (green), MiniBooNE (pink), and IceCube (gray). The black dashed
line, blue dash-dotted line, and the red solid line are the upper limits derived based on the γ-ray data from Fermi, H.E.S.S.,
and the IceCube HE ν data, respectively.
or the scenarios that scalar/vector DM particles scatter with nucleons in the s-channel. In these cases, the HE signals
could possibly lead to a better sensitivity than the low-energy ones. In this work, we choose to take the simple vector
portal DM model as a starting point and show the possible relevance of inelastic channels in HE regions. We plan to
extend these studies to other interesting models in the future.
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